Samarium-neodymium isotope data for six lunar basalts show that the bulk Moon has a 142 Nd/ 144 Nd ratio that is indistinguishable from that of chondritic meteorites but is 20 parts per million less than most samples from Earth. The Sm/Nd formation interval of the lunar mantle from these data is 215 þ23 -21 million years after the onset of solar system condensation. Because both Earth and the Moon likely formed in the same region of the solar nebula, Earth should also have a chondritic bulk composition. In order to mass balance the Nd budget, these constraints require that a complementary reservoir with a lower 142 Nd/ 144 Nd value resides in Earth's mantle.
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Samarium-neodymium isotope data for six lunar basalts show that the bulk Moon has a 142 Nd/ 144 Nd ratio that is indistinguishable from that of chondritic meteorites but is 20 parts per million less than most samples from Earth. The Sm/Nd formation interval of the lunar mantle from these data is 215 þ23 -21 million years after the onset of solar system condensation. Because both Earth and the Moon likely formed in the same region of the solar nebula, Earth should also have a chondritic bulk composition. In order to mass balance the Nd budget, these constraints require that a complementary reservoir with a lower 142 Nd/ 144 Nd value resides in Earth's mantle.
T he most widely accepted theory for the formation of the Earth-Moon system proposes a giant impact model, where Earth collided in its later stages of accretion with a body of the approximate size of Mars (1, 2) . In this model, the Moon ultimately formed from hot debris generated during this giant impact. Short-lived radioisotope systems such as 146 Nd Ehalf-life t 1/2 0 103 million years (My)^are useful in determining the chronology of the events that formed the EarthMoon system and for determining how these terrestrial bodies evolved after accretion. Recent Sm-Nd data show that chondritic meteorites are on average 20 parts per million (ppm) lower in 142 Nd/ 144 Nd than most terrestrial samples (3) . If the bulk silicate Earth (BSE) has an Sm/Nd ratio within the range measured for chondrites, the superchondritic 142 Nd/ 144 Nd ratio of terrestrial materials requires that the silicate Earth experienced a global chemical differentiation during the lifetime of 146 Sm (È500 My). If this differentiation event is connected with the formation of the terrestrial depleted upper mantle, then it must have occurred no later than È30 My after solar system formation (3) . If the Moon has superchondritic 142 Nd/ 144 Nd similar to that of Earth_s upper mantle, then the giant impact must have occurred into an already differentiated Earth, predominantly sampling the Nd-depleted reservoir. In order to test this hypothesis, we measured Nd-isotope ratios of six lunar basalts that span the compositional range of basaltic lavas from the Moon (4). Although anomalies in 142 Nd have been reported previously for lunar samples (5) , the uncertainties in these data do not permit an evaluation of whether the bulk Moon is chondritic or instead identical to the terrestrial standard.
Core formation in planetesimals and terrestrial bodies likely occurred within È30 My after formation of the solar nebula, based on 182 Hf-182 W chronometry (t 1/2 0 9 My) (6, 7) . Core formation is independently indicated for the impactor (termed Theia), because an undifferentiated projectile could not have produced an iron-poor Moon (8) . Estimates for the timing of the giant impact on the basis of tungsten isotopes are model-dependent and range from È30 My (9, 10) to at least 44 My after the formation of the solar system (11) . A later age (Q50 My) for the formation of the Moon is more easily reconciled with the lunar initial 87 Sr/ 86 Sr ratio (12) . Estimates for the crystallization of the putative lunar magma ocean (LMO), which are indicated by the crystallization age of materials strongly enriched with trace elements as the last remnants of the LMO (termed KREEP for K, potassium; REE, rare earth elements; and P, phosphorus), range from 30 to 50 My based on 182 Hf-182 W data (13, 14) to È250 My based on Sm-Nd data (5) . The residual liquid at the end of LMO crystallization is also highly enriched in incompatible, heat-producing radionuclides such as 235 U and 40 K. This late-stage liquid could have acted as an insulating cover that substantially enhanced the longevity of the LMO (15) .
Samarium and neodymium are refractory (i.e., they have high condensation temperatures) and lithophile elements (i.e., they preferentially partition in the silicate phase during core formation). Unlike the 182 Hf-182 W system, which is influenced by core formation, the Sm-Nd isotope system is expected to record more reliably anomalies inherited from mantle sources with variable Sm/Nd ratios produced during global differentiation. However, because Earth is a geologically active planet, most variations initially present in 142 Nd/ 144 Nd and 143 Nd/ 144 Nd from the early decay of 146 Sm and 147 Sm Et 1/2 0 106 billion years (Gy)^, respectively, have been subsequently homogenized. With the exception of only a few old crustal rocks (16, 17) , all terrestrial samples have e 142 Nd 0 0 (18) . The lunar samples studied here have crystallization ages of 3150 to 3900 My and preserve a range of present-day e 142 Nd from -0.30 T 0.07 to þ0.07 T 0.05 (errors are 2s) when corrected for the effects of neutron irradiation ( Fig. 1 and Table 1 ).
The source region of the low-Ti mare basalts (i.e., Apollo 15 sample 15555 and lunar meteorite LAP 02205) is postulated to consist mainly of olivine and orthopyroxene cumulates, formed early in a crystallizing LMO (19) . The high-Ti mare basalt suite (i.e., Apollo 17 samples 70017 and 74275) is derived from Ti-rich mantle sources that contain additional cumulus ilmenite (20) . This Ti-rich source may consist of deep mantle cumulates modified by varying degrees of hybridization and/or assimilation of formerly shallow material, swept down by a massive convective overturn of the lunar mantle (21, 22) . Alternatively, this source may represent a relatively shallow latestage cumulate pile containing trapped residual liquid and plagioclase (20) .
The origin of the KREEP-rich samples 15386 and SaU 169 is less well constrained. They contain too much MgO to be derived directly from the hypothesized KREEP source that represents the residual liquid of the LMO. The KREEP signature of these basalts likely results from mixing between the KREEP source material and more magnesium-rich magmas derived from deeper mantle sources. Because of the high concentration of incompatible elements in KREEP, it will dominate the trace element and isotopic signature of a hybrid rock, whereas the major element chemistry (such as MgO content) will not be substantially changed.
We modeled the evolution of the lunar mantle for two situations. In the first model (Fig. 2, A and B) , we assumed that the Moon formed by a giant impact from material with average chondritic composition with presentday e 143 Nd 0 0 and e 142 Nd 0 -0.2 (3) . The e 143 Nd and e 142 Nd of the evolving lunar mantle were calculated using a two-stage model (4). In 143 Nd i ) and crystallization ages t 2 of the basalts (Table 1) and by setting t 1 arbitrarily to 50 and 200 My after formation of the solar system at t 0 0 4567 My (23) . Plotting these values versus the measured present-day e 142 Nd for each time series t 1 forms linear arrays despite their disparate crystallization ages (Fig. 1) . This suggests establishment of the sources of these lavas when 146 Sm was still alive. Although the choice of 50 or 200 My for the formation of the basalt sources from a chondritic LMO generates differences in the calculated source 147 Sm/ 144 Nd ratios, it does not greatly alter the slope of the best fit lines through the data ( Fig. 2A) . Selfconsistent values of t 0 to t 1 and ð 147 Sm= 144 NdÞ t1 were calculated for each sample by simultaneously solving equations S1 and S2 (4) for the two unknowns (Table 1) . In this way, the combined 146 Sm and 147 Sm decay schemes constrain the source-formation age and its timeintegrated 147 Sm/ 144 Nd ratio for each individual sample (24) . An average of the source-formation times t 0 to t 1 (Table 1 ) was used to iteratively calculate ð 147 Sm= 144 NdÞ t1 ratios until the slope of the regressed line matched the calculated 142 Nd isochron ( Fig. 2A) . A straightforward interpretation of this best fit solution (Fig. 2B) is that the lunar mantle sources represented by these samples formed at 215 þ23 -21 My after solar system formation. Assuming that the Moon formed 30 to 50 My after t 0 , a formation interval for the lunar mantle of È165 -21 þ23 to 185 -21 þ23 My is derived. This result is in agreement with the 238 þ56 -40 My formation interval obtained previously (5) . However, our data intersect the chondritic 147 Sm/ 144 Nd ratio at e 142 Nd 0 -0.19 T 0.02 Emean squared weighted deviation (MSWD) 0 0.99^, identical within error to the value of the chondritic uniform reservoir (CHUR) (3) . Although this model suggests that a two-stage model is sufficient to explain the formation of the lunar samples represented in this study, it has been speculated that the Moon could have formed from a nonchondritic reservoir (3). Therefore, three-and four-stage models are discussed to constrain the conditions under which an initially nonchondritic bulk Moon could have generated the measured isotopic compositions of the lunar samples.
In the second model (Fig. 2C) (Fig. 2C) . However, no calculated 142 Nd isochron fits the data in this model, because it also must pass through present-day e 142 Nd 0 0 (colored lines in Fig. 2C ). This also explains the largely different individual source-formation ages calculated from combined e 142 Nd-e 143 Nd chronometry ( Table 1) . The low-Ti and high-Ti sources yield either unreasonably low (0 þ62 My) or high (761 þV -358 My) values for the formation interval t 1 to t 0 , respectively.
The datum for 15555, in particular, implies that the Moon has a chondritic mantle with respect to Nd isotopes, because its initial e 143 Nd value is more precisely constrained from an internal isochron (5) . For a depleted starting composition, 15555 plots outside the range of possible e 142 Nd-e 143 Nd compositions (Fig. 3) . In addition, the Nd isotopic composition of 15555 cannot be interpreted as mixing between KREEP with low 147 Sm/ 144 Nd and depleted lunar mantle with high 147 Sm/ 144 Nd (Fig. 3) Nd isotope systematics (27) and have been interpreted to represent the final crystallization of the LMO (28) . The age presented here overlaps this range and is consistent with other results from Nd isotopes (5) . Models of planetesimal accretion suggest that the impactor formed close to Earth (29) , which is in accordance with measured oxygen and chromium isotopes of Earth and the Moon (30, 31) . Numerical simulations of the giant impact suggest that È80% of the lunar mass was derived from the impactor_s mantle, the rest from Earth (32) . This expectation is difficult to reconcile with a similar nonchondritic lunar and terrestrial e 142 Nd, unless the impactor had a similar history of silicate differentiation to Earth (3). Our finding that the Moon was formed from a chondritic reservoir is consistent with other compositional indicators of a chondritic LMO, such as the flat REE patterns inferred for parental liquids of the lunar ferroan anorthosites (FANs) constituting the lunar crust, and superchondritic rather than subchondritic Ba/Sr in FAN plagioclases (33) . If Earth and the Moon formed close to each other, it is likely that the bulk Earth also formed with a chondritic 147 Sm/ 144 Nd ratio. Hence, in order to balance the Nd budget of the sampled terrestrial reservoirs having e 142 Nd 0 0, to obtain a bulk chondritic composition of e 142Nd È -0.20, an isolated enriched mantle reservoir must reside somewhere in the present Earth (34) (35) (36) . Initial differentiation could result from an early formed dense phase with higher compatibility for Nd than Sm, or deep subduction of early-formed crust (33) . Such reservoirs are predicted to reside in the interface layer (Dµ) between Earth_s silicate mantle and its metallic core (34) (35) (36) (37) .
The conclusion that the Moon has e 142 Nd close to the chondritic value does not, however, constrain the relative timing of giant impact and early silicate fractionation on Earth. Assuming that approximately 80% of the Moon-forming material was derived from a chondritic impactor and 20% from a hypothetical depleted Earth reservoir with present-day e 142 Nd 0 0, the measured lunar e 142 Nd of -0. 19 fig. S4 ), produces three crops during the year: in early summer (June-July), in midsummer-autumn (August-November), and in early spring (March). The polleniferous spring hermaphroditic figs are the main source of wasp-borne pollen, but the syconia of the remaining two crops produce little or no fertile pollen. They function as domiciles in which the short-lived wasps propagate (14) .
The syconium is an enclosed inflorescence that transforms into a hollow receptacle. Whereas the syconia of the hermaphroditic caprifig produce minute staminate flowers and pistillate flowers with a short style (2 mm long), the syconia of the female fig tree produce only long-style (3 mm long) pistillate flowers. Style length has a crucial role in the fertilization process, because the minute fig wasp has an ovipositor 2 mm long. After emerging from its native syconium, the flying wasp, coated with pollen, enters through the orifice (ostiole) of a young syconium on a different tree. When meeting the short-style flower in a hermaphroditic tree, the wasp successfully inserts its egg through the style into the flower_s ovary. As a result, a larva develops that feeds on the developing tissue and emerges through a hole in Nd, a liquid extraction technique (5) was applied on the neodymium cuts. The processed neodymium fractions were then passed through 0.5 ml cation columns to remove sodium introduced from NaBrO 3 used in the Ce extraction procedure. The Nd fractions were finally purified a second time on the Ln-spec columns to improve signal stability during TIMS measurements and dried down with a drop of dilute phosphoric acid. Total procedural blanks for Sm IC, ID and Nd ID measurements ranged between 2-4 and 12-16 pg, respectively, and have been accounted for in the calculation of concentrations. The corrections were always smaller than 0.7%. Blank contributions to Nd IC measurements ranged from 41-94 pg but were negligible compared to >600 ng of processed Nd.
Mass spectrometry
For neodymium isotope measurements, approximately 600 ng of neodymium were loaded with phosphoric acid on degassed double rhenium filaments and measured as Nd Nd ratios (Fig.   S2 ). This might be related to some residual cup bias for the static measurement mode employed in these measurements, as opposed to the time-consuming multidynamic measurements of (6).
However, no second-order correction is applied to the data in Table S1 , as was done by (7), because the ultimate origin of the relationship remains unclear. Ce interference were always lower than 6
ppm, but mostly below 1 ppm (cf. Table S1 ). There is no correlation between the Ce correction and measured
142
Nd/
144
Nd ratios in 7 duplicate determinations of LAP 02205 (Fig. S3 ). Moreover, the external precision on all Nd isotope ratios calculated from duplicate determinations of samples LAP 02205 (6 separate dissolutions), SaU 169 (n=3) and KREEP basalt 15386 (n=3) is similar to the precision reported for the standard (Table S1 , Fig. S4 ). This confirms that interferences from Sm or Ce do not bias the results reported in Nd was both precise and accurate within the ±5.3 ppm (2σ) external precision based on replicate measurements of the standards. All sample Nd and Sm isotope determinations in Table S1 are also reported in ε-notation (9) relative to the measured standards. (11)). The results for Allende are presented in Table S2 and Figure S5 and compared to Allende analyses from the literature (10-12). There are three important conclusions emerging from these data: a) Taken together, all 10 aliquots plot along an isochron which is consistent with the accepted age of 4567 m.y. (10) for
Allende. This is consistent with our measured 
Neutron capture effects on samarium isotopes
In a thin planetary atmosphere, neutrons are generated by nuclear interactions between high energy galactic cosmic rays (87% protons with energies of 0.1 to 10 GeV) and the nuclei of the surface material. After production (most with energies above a few MeV), neutrons exchange energy with regolith material and eventually come to equilibrium (14) . Rocks exposed at the lu- Sm. Figure S6 shows results from Sm isotope analyses of lunar samples analyzed in this study, normalized to (Table S1) . A similar high value of -31.6 ± 0.5 for sample 15386 has been found by Nyquist et al. (16) . The regressed line has a slope of -1.01 ± 0.02, consistent with the assumption that the observed isotopic variation is caused by neutron capture. However, the nuclide 152 Sm which is used for normalization may also be both eroded Table S1 and are used for the calculation of the thermal neutron fluence in each individual sample. The external precision on sample samarium isotope ratios was smaller than ±22 ppm for both schemes except ε 144 Sm (~100 ppm), which is attributed to the greater impact of the 144 Nd interference on the low-abundant 144 Sm.
Correction on neodymium isotope compositions
By far the largest effect of thermal neutron irradiation on neodymium is the reaction Table S3 ) and need to be properly corrected for. However, it is most important to note that the irradiation-induced correction of ε
142
Nd is smaller than the analytical precision for the other four lunar samples. In a pioneering work, Lingenfelter et al. (17) Table S4 : σa for the thermal energy range (Maxwellian average for 1e-5 to 0.5 eV, T = 0.0253 eV), first resonance energies and epithermal (1/E average, 0.5-1e5 eV) cross sections of the nuclides discussed.
From Table S4 it can be concluded that higher fluences of epithermal (i.e. with energies greater than 0.5 eV) neutrons lead to pronounced negative anomalies in (23) . It must be noted, however, that the LNPE measurements and theoretical considerations (17, 24) were performed in or for lunar soil.
In soils, transport properties for neutrons are primarily determined by the major elements iron and titanium. In a REE-rich KREEP basalt such as SaU 169 (sum REE = 1332 ppm), this approximation may break down because the macroscopic neutron cross section of the whole rock is dominated by Gd and Sm ( Figure S8 ). The precise shape of the neutron energy spectrum in such REE-rich materials has not yet been measured directly. Desirable for a 'good' pair are high isotopic abundance, a large spread in mass and absence of interferences. As pointed out above for the Sm isotopes, it is also important for irradiated samples to choose nuclides that are not significantly destroyed or produced by neutron irradiation processes. Table S5 Nd in Table S5 give similar results for ε
Nd after neutron correction, we report a mean of these three for the final corrected ε
Nd values for the KREEP samples 15386 (-0.24 ± 0.07, 2σ) and SaU 169 (-0.30 ± 0.07, 2σ) in the paper. Considering the potential complications in the corrections for these two samples, it is our opinion that this is the most conservative approach for obtaining the true ε
Nd. For the other four lunar samples, where the differences in the correction schemes are smaller than the analytical uncertainty of ~5 ppm (Table S3) , the more precise value using the 146 Nd/
144
Nd scheme is reported.
Alternative models for the generation of negative ε
142

Nd of chondrites
It has been suggested that some or all of the differences in ε
142
Nd between chondrites and the terrestrial standard reported in Boyet and Carlson (12) might be generated by processes other than radiogenic ingrowth of now extinct 146 Sm from parent sources having different bulk Sm/Nd ratios. Instead, these differences may result from inhomogeneous distribution of r-and s-process nuclides in the fractions of primitive chondrites measured, or from small fractions having a different Sm/Nd ratio, and therefore do not represent the true bulk parent Nd isotope composition (13, 25) . If chondrites actually have a bulk average of ε 142 Nd = 0 rather than -0.2 (12) , then the premise of a chondritic Moon that is distinct from the terrestrial Nd isotope standard is based upon false conclusions.
In general, nucleosynthetic anomalies are almost invariably restricted to refractory inclusions in chondrites (26) . How a nucleosynthetic 142 Nd excess could be correlated with 146 Sm is unclear (27) . The isotopic composition of s-process Nd is different from that of the terrestrial standard (28, 29) . If the s-process Nd is hosted in a separate phase in chondrites such as SiC, which may be chemically resistant during sample decomposition or inhomogeneously distributed on the scale of the fraction analyzed, then there is a possibility that a measured Nd isotope composition is not representative for that of the bulk chondrite. This is illustrated in a model calculation (Fig. S11) . The fact that chondrites show both negative ε
Nd and ε
150
Nd is inconsistent with the assumption that these anomalies reflect incomplete dissolution or unrepresentative sam-pling. Further support comes from recent Os isotope data of bulk chondrites (30) . This study found that bulk H Group ordinary chondrites did not have any evidence for non-representative
Os isotopic compositions as a result of presolar components that were not accessed during digestion or from inhomogeneous distribution for the fractions measured. The implications of these data are that bulk compositions of these meteorites represent the composition of the averaged solar nebula from which they were derived. Boyet and Carlson measured Nd in three ordinary chondrites including replicates of two (12) . The average for these three is -0.20 ± 0.12 (2σ), identical to the average for all chondrite data reported, including primitive carbonaceous chondrites. Further, the eucrite data reported in Boyet and Carlson are consistent with a bulk source of the eucrite parent body being at ε
142
Nd ~ -0.2, and is strong evidence that supports a bulk chondritic value at -0.2, consistent with the ordinary chondrite data. Nd of the samples.
